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Introduction
The rapid progress in information communications technology (ICT) has brought about significant changes in the structure of society including the convergence of services, the expansion of business, and globalization. These changes have been supported by the increasing availability of broadband services. The total number of DSL, CATV Internet and FTTH subscribers in Japan had reached almost 28 million by the end of September 2008. The number of FTTH subscribers alone had exceeded 13.1 million [1] . This implies that super-high-speed broadband access has made deep inroads into many aspects of our daily lives. The increase in broadband access has promoted the use of the Internet thus leading to the rapid growth of Internet traffic. The total download traffic generated by broadband access users in Japan was estimated to be 880 Gb/s in May 2008. Major reasons for this growth are the increased use of peer-to-peer file exchange applications and the growing popularity of video viewing sites on the Internet. Photonic technology is the key to creating broadband networks. An 80-channel×10 Gb/s WDM system with a capacity close to 1 Tb/s is currently operating in a long-haul network. Phase shift keying (PSK) and multilevel modulation formats have been extensively investigated with a view to increasing the transmission capacity. 40-channel×40 Gb/s optical transport network systems that use differential quaternary PSK (DQPSK) have already been installed commercially [2] . The standardization of the 100 Gb/s Ethernet interface (100 GbE) is under way.
In metropolitan areas, the network has a fiber-ring configuration and a reconfigurable optical add/drop multiplexer (ROADM) as a node. An ROADM provides flexibility in terms of path provisioning and scalability. Research on optical burst switching and optical packet switching has accelerated in re- This paper describes milestones in opto-electronics and fiber optics technologies.
Optical devices for long-haul networks
The trend in optical fiber transmission performance [3, 4] is shown in Fig. 1 .
The transmission performance is the product of the transmission capacity and fiber length. The circles indicate laboratory results. The black circles show results obtained with commercial systems. The transmission performance improves about 100-fold per decade. The introduction of a high-speed laser and a detector increased the transmission speed obtained with the timedivision multiplexing (TDM) modulation format. In the late 1980s, the coherent detection technique was studied to enhance receiver sensitivity. The technique was not commercialized at that time because of the advent of the erbium doped fiber amplifier. The optical amplifier also increased the fiber length and transmission capacity. Then, the wavelength-division multiplexing (WDM) method was developed. This method increased the transmission capacity very rapidly with the number of multiplexed wavelengths. An 80-channel×10 Gb/s WDM system with a capacity close to 1 Tbit/s has been operated in a long-haul network [5] .
Phase shift keying (PSK) was extensively investigated with a view to increasing the transmission capacity. PSK uses constant envelope modulation and is therefore tolerant to such nonlinear fiber impairments as chromatic dispersion and polarization mode dispersion. Furthermore, a multilevel modulation format is very effective in reducing the signal degradation that occurs with very high-speed modulation. The differential quaternary PSK (DQPSK) format, which is a four-level format, can halve the data rate [6] . Coherent and OFDM overcome chromatic dispersion (CD) and polarization-mode dispersion (PMD) impairments and provide optical signal noise ratio (OSNR) tolerance. Fig. 2 shows 111 Gb/s polarization-division multiplexed (PDM) 2-subcarrier OFDM signal generation [9] . LD1 is a DFB laser emitting at λ 0 . The first LiNbO 3 (LN) Mach-Zehnder modulator (MZM) generates 2 subcarriers. The odd and even channels are separately multiplexed, and modulated to create two-subcarrier QPSK-OFDM signals by using a modulator fabricated by the hybrid integration of a silica-based planar lightwave circuit (PLC) and an LN phase-modulator array. Fig. 3 is a PLC-LN hybrid OFDM modulator [11] . PLCs have excellent optical characteristics for passive devices including circuit design flexibility, a low propagation loss, a low coupling loss with optical fiber, and long-term stability. LN devices exhibit excellent performance as active devices because of their strong electro-optic effects and their capacity for velocity matching between microwaves and optical waves. By adopting a hybrid assembly with silica PLCs and LN devices, a high-speed and more highly functional optical modulator can be obtained with a low loss and a simple circuit design. The modulator consists of a 2-stage interleaver and two parallel LN Mach-Zehnder modulators. One signal is divided into four components through a PLC splitter (PLC-L), which then enter the LN Fig. 3 . PLC-LN hybrid OFDM modulator modulator. This modulator provides the signal with a differential phase shift. The signals interfere in the second PLC combiner part (PLC-R) with a π/2 phase shifter on one waveguide. This modulator generates OFDM QPSK signals. Finally a 111 Gb/s PDM OFDM signal is generated by a polarization multiplexer with a delay line. The transmitted signal is detected by using digital coherent technologies, which comprise a polarization-diversity intradyne receiver containing a PLC-based 90-degree hybrid and a local oscillator consisting of a 100-KHz linewidth tunable laser. A complementary metal oxide semiconductor (CMOS) operates at faster than 10 Gb/s and supports electron dispersion compensation and digital signal processing. Coherent transmission technologies are again being intensively studied.
These technologies have ushered in the 100 Gb/s era as regards the optical transmission network.
Optical devices for metropolitan area networks
Data traffic is increasing rapidly, and we have to improve the throughput at the nodes. Fig. 4 shows the evolution of the optical network. At present, reconfigurable optical add/drop multiplexers (ROADM) are employed in the fiber rings of metropolitan areas. Optical cross connects (OXC) are expected to be used as nodes for the mesh network architecture. Optical routers will be employed for optical burst switching networks. Optical packet switching is the ultimate goal.
Reconfigurable optical add/drop multiplexer (ROADM)
In metropolitan areas, the network has a fiber-ring configuration and ROADMs as nodes. An ROADM drops or redirects specific signals without converting them into electrical signals. An ROADM also provides flexibility in terms of path provisioning and scalability. 10 Gb/s×16 ch, 32 ch and 40 ch WDM signals currently travel in the fiber ring. . There is a 2×2 optical switch array between two AWGs. The optical switch consists of a Mach-Zehnder interferometer with a thermooptic heater [13] . When the optical switch (SW) is on, the selected signal is dropped and added. When the SW is off, the signal passes through. These signals are multiplexed by the AWG, exit from an output port, and travel through the fiber ring. An ROADM comprises two AWGs and one SW array. The first version of the ROADM was a discrete module with fiber interconnection. The second version employed multi-chip PLC integration with . The tapped lights are reflected by 45 • mirrors, which are formed in the PLC chip and detected by a PD array. The PD array is hermetically sealed in a chip-scale package and a sapphire window. This reduces the number of optical connection points, leads to better performance and reliability, and also reduces both the manufacturing cost and the footprint.
Optical cross-connect switch
Transparent networks with no transponders at intermediate nodes have been deployed in systems ranging from those with a ring topology with 2-degree ROADM nodes to those with a mesh topology with multi-degree ROADM or wavelength cross-connect (WXC) nodes. A wavelength switch (WSS) is a core device for constructing such multi-degree ROADM/WXC nodes. Many types of WSS have been developed using free space technology with a microelectro-mechanical system (MEMS) [15] or liquid crystal [16] and using PLC technology [17] . Large scale OXCs have been developed for use with mesh topology. By integrating optical wavelength demultiplexer/multiplexers into a large-scale OXC, we can build a multi-port wavelength selective switch with 100% adddrop wavelength ports. OXCs and WSSs require a mirror switch. Fig. 6 (a) is a MEMS mirror array for a WSS. Fig. 6 (b) is a three-dimensional MEMS SW [18] for an OXC. These technologies enhance transparency and flexibility in the networks.
Optical memory
The number of packets processed in a router has become huge with the growth in Internet traffic. The current electronic router uses multi-level opticselectronics-optics (OEO) conversion to interface fast optical signals with the operating speed of CMOS. And an electronic router uses a store-and-forward technique to resolve contentions. This requires large buffers. There is a concern that the electronic router will limit the network throughput owing to its power consumption and throughput. Optical packet switching (OPS) is a very attractive way to maximize fiber capacity utilization by employing timedomain statistical multiplexing with packet-level data granularity [19, 20, 21, 22] . OPS imposes severe technical burdens because high-speed, asynchronous burst optical packets of arbitrary length must be handled on a packet-bypacket basis. Specifically, all-optical random access memory (RAM) has not been developed yet, although some candidates have been reported. These candidates include an optical buffer memory based on a fiber delay line [23] , an optical bit memory based on semiconductor bistable lasers [24] , and an optical memory based on a photonic crystal (PhC) nanocavity [25] . Strong light confinement can be induced by the photonic bandgap in a PhC nanocavity. The relationship between the optical transmittance through the cavity and the input power exhibits a large hysteresis phenomenon. This realizes the bistable memory operation. Fig. 7 shows a scanning electron micrograph of a PhC fabricated on an InGaAsP layer by a combination of electron beam lithography and inductively coupled plasma (ICP) dry etching. The air hole size and core thickness are both 200 nm. A width-tuned line defect cavity is used. The cavity mode volume is very small at 0.16 μm 3 with a calculated Q factor of over 10 million. Fig. 8 shows the hysteresis responses for several wavelengths. The wavelength is detuned from the center of the resonant wavelength to a shorter wavelength. The hysteresis response appears at an input power of only a few tens of μW. The memory holding time can be improved by increasing the bias power. The longest memory time is 150 ns. A PhC nanocavity optical memory has several features; it has an ultra low 
Wavelength tunable laser
The wavelength tunable laser is very attractive for WDM and ROADM applications because the desired wavelength can be selected. A wavelength tunable laser is shown in Fig. 9 [26] . It consists of a DFB laser array, an optical coupler, and a semiconductor optical amplifier (SOA). Each DFB laser has a different grating pitch. The lasing wavelength is tuned by selecting the DFB laser and adjusting the temperature of the laser chips. The output power is controlled by controlling the SOA driving current. An output power of 30 mW is obtained from the fiber as shown in Fig. 10 . An etalon wavelength locker is used to tune the lasing wavelength to a standardized 
Conclusion
This paper reviewed optical devices for long haul and metropolitan area networks. Transmission performance is improving through the use of new modulation formats such as OFDM and coherent detection, which are supported by the availability of high-speed CMOS technology. ROADM, WSS, OXC and optical packet switching have been employed to overcome the bottleneck in the optical network. These optical technologies allow us to expand the broadband networks. The progress made on photonic device performance has made it possible to enhance system performance. He is a member of the Institute of Electronics, Information and Communication Engineers (IEICE) and the Japan Society of Applied Physics. He is a Fellow of the IEEE.
